Abstract-A four-wave difference-frequency mixing scheme based on near resonant two-photon excitation of xenon with a femtosecond KrF-excimer laser system is used to generate tunable short pulse radiation in the VUV and UV spectral range between 133 and 355 nm with output energies of several J by applying tunable nanosecond laser radiation in the range of 1905 nm to 185 nm. At the excimer laser wavelengths of 193 nm (ArF), 308 nm (XeCI) and 351 nm (XeF), the process has been used to generate high power short pulse radiation by double-pass amplification in an additional excimer laser discharge. So far, output energies of 1.9, 3.0, and 2.8 mJ, respectively, have been obtained at pulse durations in the range of 1 ps. Nonlinear susceptibilities for the difference-frequency mixing process were calculated from a stationary susceptibility formalism and compared to experimental values.
solids [lo] and has been studied in some detail by Wunderlich [ 111 and by the authors [ 121.
In principle, the four-wave parametric oscillator (FWPO) scheme is capable of delivering frequencies w, and wi in a broad spectral range. Due to index matching requirements, however, only distinct frequencies have been observed so far and neither tuning experiments comparable to those of the OPO in crystals have been performed nor broadband radiation has been obtained by this process.
Recently, we have studied nonlinear processes in the two-photon excitation of xenon with a fs-KrF-excimer laser system [ 121. We observed intense broad-band emissions in the visible and near infrared spectral range (650-850 nm), coupled with a VUV emission (147-155 nm), and an emission in the UV range (1 85-400 nm). The generation process for these emissions was found to be noncollinear phase-matched nonresonant four-wave mixing process starting from quantum noise (FWPO-type process), supported in some cases (visible emission) by internally generated ASE and stimulated hyper-Raman scattering (SHRS) in molecular xenon, serving as input field. In the visible and UV spectral range pulse durations of less than 1 ps have been measured, corresponding to the pump pulse width. The output energies of the emissions exceed several 10 pJ, yielding peak powers in the order of 100 MW.
In this contribution, four-wave difference-frequency mixing experiments in xenon using a femtosecond KrFexcimer laser (U,) at intensities up to lOI5 W/cm2 and tunable nanosecond seed lasers (ai) are described. The process has been used to generate coherent tunable ultrashort pulse radiation in the VUV and UV spectral range (133-355 nm) with output energies of several pJ. At the excimer laser wavelengths of 193 (ArF), 308 (XeCI), and 351 nm (XeF) the generated radiation was amplified in corresponding excimer laser amplifiers to energies of 1.9, 3.0, and 2.8 mJ, respectively.
EXPERIMENTAL
The experimental arrangement for the generation of tunable short pulse radiation is illustrated schematically in Fig. 1 resonant two-photon excitation of xenon and induce a strong short-lived nonlinear two-photon polarization (Fig.  2) . Different ns laser systems synchronized with the fs laser are applied as injection sources for the differencefrequency mixing process. Either a double discharge excimer laser (Lambda Physik EMG 150 EST) or a Nd: YAG laser (Quanta-Ray Model DCR 2a) have been used as pump sources for different dye lasers. The dye lasers are tunable from 368 to 608 nm, with a spectral width of about 8 GHz.
By using a H2-Raman shifter or frequency doubling crystals, the spectral range has been further extended into the UV and near IR. With these pump sources tunable ns radiation in the range of 240 to 1905 nm can be generated with energies in the mJ range. It was possible to generate UV pulses down to 185 nm at specific wavelengths.
One gain module of the excimer laser (amplifier channel) could be operated as an amplifier for the generated short pulse radiation at specific excimer laser wavelengths (see Section IV).
The KrF beam was focused by a f = 1000 mm lens and the ns beams by a 300 mm lens into a cell containing xenon at pressures between 1 and 760 torr. The spectral characteristics of the generated UV and VUV radiation were examined with a VUV monochromator (Minuteman 302 VM) and different photomultipliers. Absolute measurements of the generated UV and VUV energy have been performed with a calibrated pyroelectric power meter in combination with spectral filters. The temporal characteristics were studied by a streak camera (a Hadland Imacon 500, with a temporal resolution = 2ps) and a Michelson type autocorrelator equipped with an ionization chamber.
DIFFERENCE FREQUENCY MIXING
The interaction of xenon with the fs-KrF-excimer laser radiation is dominated by a near resonant two-photon excitation at the 5p6 ISo -+ 6p [ 1 /2] , transition (Fig. 2) . Relevant single photon resonances for the investigated spec- -+ 5p6 'So transitions, which prevent the generation of VUV radiation in the vicinity of 147 and 130 nm. Further limitations for the mixing process, especially around 147 and 165 nm, result from an increasing concentration of xenon molecules at higher xenon pressures [ 141. Due to the nonresonant excitation process the transient characteristics of the induced two-photon polarization are determined by the fs-KrF-pump laser. In addition, the polarization is strongly damped by the mentioned selfstarting FWPO processes. Therefore, ns pulses can be used as injection pulses in a FWM scheme, where the two-photon polarization is built up by the fs-KrF laser, to generate ultrashort UV and VUV coherent radiation.
Tunable short-pulse radiation has been generated by four-wave difference-frequency mixing in the spectral range between 133 and 355 nm. Two examples are given in Fig. 3 . Fig. 3(a) shows a spectrum obtained from difference FWM of radiation at Ai = 1064 nm and Ap = 248.5 nm, which is centered around 141 nm for an optimum xenon pressure of 80 torr. For a short-pulse energy of Ep = 5 mJ and a Nd : YAG laser energy of Ei = 90 mJ, energies of 5pJ have been measured. Radiation at A, = 157 nm with output energies of up to 7 pJ can be generated in this scheme by using a dye laser at Ai = 595 nm at an energy of Ei = 35 mJ (xenon pressure: 30 torr) as can be seen from Fig. 3(b) . Both spectra contain in addition an emission in the wavelength range of 147-154 nm, which is independent of external injection sources. This broad-band emission is due to the self-starting FWPO processes discussed in detail in [12] . The pulse duration of this emission corresponds to the pump laser width due to the off-resonant excitation scheme. In contrast to nsmixing experiments [8], the FWM spectra show for a fixed injection wavelength a remarkable spectral width of approximately 600 cm-l (FWHM), which is nearly four times larger than the combined bandwidth of two fs-KrF- excimer laser photons [160 cm-' (FWHM)] and the dye laser photon. We assume that the main broadening mechanism is a cascading process due to secondary FWM. At distinct signal wavelengths (injection wavelengths) parameter dependences have been studied. Fig. 4 gives the output intensity of a generated wave at A, = 193 nm 
nm)
. In this case a three-photon ionization process in trimethylamine (TME-ionization potential: 7.82 eV [15], TME-pressure: 10 torr) has been used as nonlinearity in the Michelson-type autocorrelator. Both measurements indicate that the time constants of the mixing process are given by the femtosecond KrF-pump laser pulse as discussed above. By temporal measurements with a streak camera the occurrence of trailing pulses on a picosecond time scale could be excluded. At various UV and VUV wavelengths between 133 and 355 nm short pulse radiation with energies in the range of several pJ have been measured for input pulses at the KrFwavelength of 5 to 10 mJ and seed pulse energies of typically several 10 mJ. The observed conversion efficiencies of about 10-2-10-3 exceed typical values seen in experiments on third order difference frequency mixing with ns pulses in similar excitation schemes by more than one order of magnitude, which is due to the high peak intensities of the pump laser system. In addition, saturation effects, as the formation of an optically thick plasma by a catastrophic breakdown, which limit the conversion efficiency in ns-experiments, are reduced here. In the plane wave approximation, which is suited here for estimations of the output power as the interaction length corresponds to the confocal parameter [l] and neglecting absorption effects, the intensity of the radiation generated by FWM is given by [16] N gives the xenon density, I is the length of the nonlinear medium, and n,, n;, np are the refraction indexes. For perfect phase matching Ak = 2kp -ki -k, = 0, the generated intensity ZFwM is maximized (sinc [O] = 1). From the experimental data values of the nonlinear susceptibility for the four-wave mixing process have been determined by (1) and are given by the rhombs in Fig. 6 , assuming an average intensity of 1014 W/cm2 for Z,,. The susceptibility at X = 148.5 nm and X = 320 nm has been taken from the FWPO process [12] . The shape of the calculated susceptibility curve (shifted in Fig. 6 by a factor of 0.25) agrees well with measured frequency dependence, and also the absolute values fit within one order of magnitude. The calculations are based on a stationary susceptibility formalism [ 161, assuming a four level system (see Fig. 2 ), and a fixed fs-KrF-laser detuning of 363 cm-' from the 6p [ 1 /210 two-photon resonance. Saturation and transient effects, damping rates and also the level shift due to the ponderomotive potential [17] have not been included in the calculations. Necessary atomic data of oscillator strengths were taken from [ 181.
IV . AMPLIFICAT~ON EXPERIMENTS
By means of the four-wave difference frequency mixing process in xenon, tunable short-pulse radiation in the VUV and UV spectral range with output powers in the MW range can be generated. As essential increase of the output power at specific wavelengths can be realized by further amplification. Established active media for the amplification of picosecond and subpicosecond pulses in the UV spectral range are rare gas halide excimers, because of their high gain coefficients and gain bandwidth [ 191. For a sufficient amplification of fs-pulses, injection pulses of an energy density in the range of several pJ/cm2 are necessary to drive the gain medium into saturation. At the excimer wavelengths of 193 (ArF), 308 (XeCl), and 351 nm (XeF) we have performed amplification experiments using the amplifier channel of the double discharge excimer laser, whereas the oscillator channel was used to generate the seed pulses for the FWM process. The slightly divergent UV injection pulses with energies in the pJ range pass through the amplifier channel of the excimer laser, which is filled with usual ArF-, XeCl-, or XeF-mixtures, respectively (see Table I ). After the first pass, the beam is spatially filtered by an evacuable pinhole to reduce the ASE fraction and magnified by a beam expanding telescope (f = 140 mm andf = 50 mm) to fill the whole aperture of the amplifier (cross section 28 mm X 8 mm) in the second pass.
193
For the amplification of the 308 nm radiation, the UV continuum generated directly by the self-starting FWPO process has been used [12] . The spectral characteristic of this input signal is displayed in Fig. 7(a) . For the total spectral range an energy of about 70 pJ has been measured [ 121. After double pass amplification the spectrum of the UV pulse [ Fig. 7(b) ] is narrowed according to the gain profile of XeCl. Output energies up to 3 mJ have been measured.
For the amplification of seed pulses around 351 nm in XeF [pulse energy: 20 pJ; Fig. 8(a) ] an output energy of 2.8 mJ has been observed. After double-pass amplification the spectrum of this pulse consists of three lines centered around 349, 351, and 353 nm [Fig. 8(b) ]. In comparison to the reported ASE spectrum in [20] , where only two lines at 351 and 353 nm appear, the seeding of the XeF amplifier with the FWM signal [ Fig. 8(a) ] leads to the observation of a third line, indicating a nonzero gain a 349 nm [ Fig. 8(b) ]. Considering potential curves [21] and Franck-Condon factors [22] , this line can be attributed to a XeF ( B , U' = 2) -, XeF ( X , U'' = 5) transition.
For amplification in the ArF gain module, the corresponding input and output spectra are given in Fig. 9(a) and (b). For seed pulses of about 8 pJ, output energies of so far 1.9 mJ have been measured at a pulse duration of 1.4 ps. Therefore this source is one of the most intense lasers at the vacuum UV cutoff subpicosecond seed pulses has been observed for the first time. Investigations of the small-signal gain coefficient, the saturation energy density and the transient amplification characteristics for ultrashort pulses in an ArF gain module are in progress [25] . Specific data for single-and double-pass amplification for the different wavelengths are summarized in Table I . Typically, a slight temporal broadening of the amplified pulse in the range of 25% is observed compared to the injected pulse. The ASE energy component on a ns time scale after the second pass was typically in the order of 10%.
V. CONCLUSION Nonresonant four-wave mixing with high intensity short pulse and short-wavelength pump sources seems to be a promising technique for the generation of intense tunable short-pulse radiation in the UV and VUV. Comparable schemes as discussed here for xenon should be possible in other atomic or molecular gases such as Hg or CO. Starting from intense pulses at 193 nm (ArF) sum-and difference-frequency mixing processes in Kr, H2, or Ne should lead to the generation of fs pulses below 100 nm. With the generation of fs seed pulses in the VUV, amplification in other short-wavelength gain media such as F2 (157 nm), Xe, (172 nm), Kr, (146 nm), and Ar, (126 nm) appears feasible, with the potential to generate high peak power pulses at these wavelengths. Such sources might then open up new possibilities for the generation of deep VUV and even soft X-rays by low order nonlinear processes.
Note Added in Proofi
In first experiments with a more powerful excimer laser (Lambda Physik LPX 250), having a longer amplification channel, output energies up to 8 mJ at 193 nm have been measured.
